Photoreceptor proteins enable organisms to sense and respond to light. The newly discovered CarH-type photoreceptors use a vitamin B 12 derivative, adenosylcobalamin, as the light-sensing chromophore to mediate light-dependent gene regulation. Here we present crystal structures of Thermus thermophilus CarH in all three relevant states: in the dark, both free and bound to operator DNA, and after light exposure. These structures provide visualizations of how adenosylcobalamin mediates CarH tetramer formation in the dark, how this tetramer binds to the promoter 235 element to repress transcription, and how light exposure leads to a large-scale conformational change that activates transcription. In addition to the remarkable functional repurposing of adenosylcobalamin from an enzyme cofactor to a light sensor, we find that nature also repurposed two independent protein modules in assembling CarH. These results expand the biological role of vitamin B 12 and provide fundamental insight into a new mode of light-dependent gene regulation.
Photoreceptor proteins enable organisms to sense and respond to light. The newly discovered CarH-type photoreceptors use a vitamin B 12 derivative, adenosylcobalamin, as the light-sensing chromophore to mediate light-dependent gene regulation. Here we present crystal structures of Thermus thermophilus CarH in all three relevant states: in the dark, both free and bound to operator DNA, and after light exposure. These structures provide visualizations of how adenosylcobalamin mediates CarH tetramer formation in the dark, how this tetramer binds to the promoter 235 element to repress transcription, and how light exposure leads to a large-scale conformational change that activates transcription. In addition to the remarkable functional repurposing of adenosylcobalamin from an enzyme cofactor to a light sensor, we find that nature also repurposed two independent protein modules in assembling CarH. These results expand the biological role of vitamin B 12 and provide fundamental insight into a new mode of light-dependent gene regulation.
Light allows for photosynthesis and other essential light-dependent chemical reactions. Light also triggers photo-oxidative stress via generation of reactive oxygen species, which rapidly damage the cell 1 . Organisms in all domains of life produce proteins capable of sensing light. These biological photoreceptors participate in vision, harness light energy, regulate circadian clocks, and mediate gene expression and major developmental processes [2] [3] [4] [5] . Different classes of photoreceptor proteins with a variety of chromophore cofactors exist to sense light over the visible and ultraviolet spectrum 6, 7 . This group of photoreceptors was recently expanded by a new class that is widespread in bacteria and uses the vitamin B 12 derivative adenosylcobalamin (AdoCbl) as the chromophore to orchestrate light perception and response 8, 9 . The prototypes of this class, the CarH-type photoreceptors, have been characterized in Myxococcus xanthus 8, 9 and T. thermophilus 10 and typically regulate light-induced expression of carotenoid biosynthetic genes, which results in carotenoid-mediated protection against photo-oxidative damage [10] [11] [12] . This class of photoreceptors thereby allows bacteria to mitigate the detrimental effects of sunlight, a critical determinant of survival in light-exposed conditions, while avoiding unnecessary production of carotenoids in the absence of light.
The CarH-type photoreceptors consist of an amino (N)-terminal DNA-binding domain and a carboxy (C)-terminal AdoCbl-binding and oligomerization domain to directly sense light and regulate gene expression. In the dark, AdoCbl-bound CarH, a tetramer, binds to the promoter region of target genes to repress transcription. Exposure to blue, green, or ultraviolet light disrupts the photosensitive Co-C bond in AdoCbl, leading to tetramer disassembly, loss of operator-binding, and activation of gene expression ( Fig. 1) 8 . Thus, AdoCbl, which is typically used as a cofactor for radical-based enzyme reactions 13, 14 , is now being used for a new biological function as a light sensor. Here, we sought to determine the structural basis for the functional repurposing of one of nature's most complex metallocofactors and for this new mode of light-dependent gene regulation.
CarH has a modular architecture
To visualize the CarH domain structure and the architecture of the repressor 'dark' state, we first determined two independent structures of AdoCbl-bound CarH from T. thermophilus to 2.15 Å and 2.80 Å resolution (Extended Data Table 1 ). To prevent cleavage of the lightsensitive AdoCbl Co-C bond, we performed all crystallization experiments under red light and all diffraction data collection at T 5 100 K. Both single-crystal ultraviolet-visible (UV-vis) spectra and the electron density confirmed that AdoCbl remained intact with a Co-C bond length of 2.0 Å (Extended Data Fig. 1 ), indicating that the structures are in the 'dark' state. Each monomer of CarH has a modular three-domain architecture with an N-terminal winged-helix DNAbinding domain followed by the light-sensing domain, composed of a four-helix bundle and a C-terminal Rossmann-fold cobalamin (Cbl)binding domain (Fig. 2a) .
The DNA-binding domain is structurally similar to those of MerR family transcription factors 15 (Fig. 2b) and to that of the AdoCblindependent CarH paralogue CarA 8, 16 , featuring a canonical recognition helix and a b-hairpin wing for DNA binding (Fig. 2a ). In our DNA-free structures, the DNA-binding domain samples different orientations for the different CarH protomers in the asymmetric unit, enabled by a flexible linker region and stabilized by crystal lattice contacts (Extended Data Fig. 2) .
In contrast to the flexible DNA-binding domains, the four-helix bundle and the Rossmann domain are structurally rigid, together forming a module that binds the AdoCbl light sensor. AdoCbl is sandwiched between the four-helix bundle, which interacts with the upper axial 59-deoxyadenosyl (59-dAdo) ligand, and the Rossmannfold domain, which binds the Cbl lower face in the base-off/His-on mode with the side chain of His177 displacing the Cbl dimethylbenzimidazole base (Fig. 2a, d and Extended Data Fig. 1b ). Instead of closely resembling an AdoCbl-dependent enzyme, the CarH lightsensing domain is structurally homologous to the methylcobalamin (MeCbl)-binding module of methionine synthase MetH (Fig. 2b) 17 , even though the AdoCbl 59-dAdo group is much bulkier than the MeCbl methyl group in MetH. Modelling AdoCbl into MetH leads to several steric clashes ( Fig. 2c ), but in CarH, a small but important shift of 2.5 Å of the four-helix bundle enlarges the cavity on the Cbl upper face (Fig. 2d, e ). Additionally, four hydrophobic residues at the Cbl upper face in MetH are replaced in CarH, providing the 59-dAdo group a larger binding pocket (Leu715RVal138), a hydrogen bonding interaction (Val718RGlu141), and more polar environment in general (Val719RHis142, Phe708RTrp131) ( Fig. 2d, f ). Although Trp is larger than Phe, the orientation of the Trp side chain on the side of the upper ligand rather than directly above perfectly accommodates the 59-dAdo group (Fig. 2c, d) . Notably, Trp131, Glu141, and His142 are highly conserved in CarH homologues, suggesting that this mode of AdoCbl binding is conserved as well (Extended Data Fig. 3 ).
CarH is a dimer-of-dimers type tetramer
AdoCbl-bound CarH is a tetramer in the crystal structure ( Fig. 3) , consistent with results from size-exclusion chromatography (SEC) and analytical ultracentrifugation 8, 18 . Four light-sensing domains comprise the core of the tetramer ( Fig. 3a-d ) with the DNA-binding domains extending outward ( Fig. 3e, f) . The core has a dimer-ofdimers architecture, with each constituent dimer composed of two CarH light-sensing domains in a head-to-tail orientation (Fig. 3a) . The extensive head-to-tail dimer interface is formed by the four-helix bundles and the Cbl-binding domains and features a solvent-buried area of 1,430 Å 2 on each protomer as well as numerous hydrogen bonds and ionic interactions involving various side chains and the 59-dAdo group of AdoCbl ( Fig. 3a, b ). Two such head-to-tail dimers assemble to a tetramer in a staggered fashion ( Fig. 3c-f ). This dimerdimer interface is again formed by the light-sensing domains, creating a buried surface area of 1,590 Å 2 on each of the two head-to-tail dimers, whereas the four DNA-binding domains are positioned on the surface of the tetramer and only make minor contributions to the interface (Fig. 3e, f) . It was previously demonstrated by SEC that CarH lacking the DNA-binding domain still forms tetramers 8 , and here we find that CarH adopts the same tetramer architecture when the DNAbinding domains are proteolytically removed during crystallization ( Fig. 3c, e ). Thus, the light-sensing domains appear to mediate tetramerization, positioning the DNA-binding domains on the surface to engage DNA.
To confirm the CarH tetramer architecture and the mode of AdoCbl binding, we mutated residues in the AdoCbl binding site, at the head-totail dimer interface, and at the dimer-dimer interface and analysed these mutants using SEC and electrophoretic mobility shift assays (EMSAs) (Extended Data Figs 3 and 4 ). Non-conservative mutations in the binding site for the 59-dAdo group (W131A, E141A; Fig. 2d ) impaired tetramer formation and mutations near the head-to-tail dimer interface (H142A, D201R; Fig. 3b ) completely abolished it. Remarkably, the most drastically adverse H142A and D201R mutations also appeared to impair AdoCbl binding (Extended Data Fig. 4a , c; absorbance traces at 522 nm). Moreover, DNA binding affinity weakened with decreased ability to form tetramers in the W131A, E141A, H142A, and D201R mutants (Extended Data Figs 3a and 4g). For comparison, we also introduced the conservative W131F mutation, which behaved like wild-type (WT) CarH in its oligomerization and DNA binding properties (Extended Data Fig. 4a , g). The inability of the D201R mutant protein to oligomerize is consistent with the observed Asp201/Arg176 interaction playing an important role in stabilizing the head-to-tail dimer interface ( Fig. 3a ). We expected a second compensatory mutation, R176D or R176E, to restore the interaction and, indeed, the R176D/D201R and R176E/D201R double mutants could form tetramers (Extended Data Fig. 4c ) and bind to DNA, albeit less efficiently than WT CarH (Extended Data Fig. 4g ). Finally, replacing Gly160 and Gly192 at the CarH dimer-dimer interface (Fig. 3d ) by the bulkier Gln resulted in dimers in the presence of AdoCbl, a form previously never observed for WT CarH (Extended Data Fig. 4e ). Although both these mutants bound to the DNA probe in the dark, they formed a smaller size (higher mobility) complex than WT CarH, suggesting that their binding mode is distinct (Extended Data Fig. 4g ). Both mutants furthermore bound DNA with reduced affinity and cooperativity compared with WT CarH (Extended Data Fig. 4h ). Together, these results are consistent with the observed CarH tetramer architecture and indicate that this architecture is critical for DNA binding.
CarH binds the promoter 235 element
To reveal the mode of transcriptional repression, we next sought to visualize CarH bound to its cognate DNA operator. The CarH operator lies within a 110-base-pair (bp) segment of the intergenic region between carH and the carotenogenic crtB 8, 10 . Using systematically truncated DNA probes in EMSAs (Extended Data Fig. 5a Table 1 ).
The structure revealed a unique mode of DNA binding involving three of the four DNA-binding domains of tetrameric CarH (Fig. 4a ). The fourth DNA-binding domain is disordered and not visible in the electron density. The overall architecture of the tetramer is the same before and after DNA binding except for a reorientation of the DNA-binding domains (Extended Data Fig. 6e ). All three DNA-binding domains face the same way on the DNA segment and bind to a set of three 11-bp repeats with a consensus sequence (A/G)A(G/C)(A/C)T(A/G/T) (T/G)ACA(A/T) ( Fig. 4a ). This parallel orientation is stabilized by specific interactions between adjacent DNA-binding domains (Extended Data Fig. 6f ). The central DNA-binding domain comes from one head-to-tail dimer, whereas the two flanking DNA-binding domains come from the second head-to-tail dimer (Extended Data Fig. 6g , h). These structures suggest that the two individual head-to-tail dimers would bind to DNA less tightly, consistent with the reduced affinity and cooperativity for the dimeric G160Q and G192Q CarH mutants (Extended Data Figs 3a and 4g, h). CarH rendered monomeric by light exposure 8, 18 or mutagenesis (H142A, D201R) binds DNA with even further reduced affinity (Extended Data Figs 3a and 4g).
To obtain support for this unusual DNA binding mode, hydroxyl radical and DNase I footprinting were used to examine the regions of DNA protected by CarH. The DNase I footprint, which was obtained Side-chain orientation is not unambiguous owing to the modest resolution of this structure, but many of the contacts shown are supported by mutagenesis (Extended Data Fig. 7 ).
using a longer DNA segment (130 bp) than the one used in the crystal structure (26-bp), still matches the crystal structure footprint (Extended Data Fig. 5a , c). Additionally, three evenly spaced 4-bp hydroxyl radical footprints are observed on both the sense and the antisense strand (Extended Data Fig. 5c ) that correlate with where the 'wings' of the three DNA-binding domains contact the minor groove ( Fig. 4a ). Taken together, the size of the DNase I footprint, the presence of three hydroxyl radical footprints, and the observation that the DNA sequence contains three repeats (see above), suggest that CarH binds to DNA using three of its four DNA-binding domains.
To determine whether all three repeats are important for highaffinity binding of CarH to DNA, we tested the effect of mutating DNA bases in the CarH operator (Extended Data Fig. 5d , e). Mutating dinucleotides in any single repeat only led to a small decrease in affinity as evidenced by the intense retarded bands for the CarH-DNA complex and the small amounts of free DNA in EMSAs (mutants 1-3 or 8-10 in Extended Data Fig. 5e ). In contrast, simultaneously mutating dinucleotides in any two of the three repeats or in all three repeats almost completely abolished DNA binding (mutants 4-7 and 11-14 in Extended Data Fig. 5e ). As a control, we also mutated DNA bases in the operator that CarH does not contact directly, and as expected, WT CarH bound to these mutants with similar affinity (mutants 15-18 in Extended Data Fig. 5e ). Given that the results of mutations were similar for each of the three repeats, it appears that all three repeats are important in determining CarH-DNA affinity.
Each DNA-binding domain forms hydrogen bonds and electrostatic interactions to the phosphate backbone, contributed from both the peptide backbone and the side chains of Trp26, Tyr30, Arg37, Arg43, and Lys67 (Fig. 4b, c ), and each domain also inserts His42 of its b-hairpin 'wing' into the DNA minor groove. Finally, each DNA-binding domain places its recognition helix in the DNA major groove, where it recognizes a 6-bp stretch ( Fig. 4a ) using specific hydrogen bonds from the side chains of Gln25, Arg28, and Arg29 (Fig. 4b, c ). Strikingly, the major groove sequence occupied by the central DNA-binding domain spans the promoter 235 element (TTGACA, red box in Fig. 4a ) for the major s A /s 70 -associated bacterial RNA polymerase. Thus, these structures reveal the mechanism of transcriptional repression: CarH occupies the 235 element, blocks access by the RNA polymerase-s A holoenzyme, and thereby prevents transcription initiation.
To verify the observed mode of DNA binding, we generated the Q25A, R29A, Y30A, H42A, and R43A CarH mutants and tested their DNA binding capacity using EMSAs. Mutating the conserved Arg29 or Arg43 to Ala abolished DNA binding but did not affect AdoCbldependent tetramerization (Extended Data Figs 3a and 7), consistent with a role of these residues in DNA binding. Notably, the Q25A mutant retained DNA-binding capacity, indicating that Gln25 could be more important for mediating DNA specificity than affinity (Extended Data Fig. 7c ). Finally, the H42A and Y30A mutants only showed mildly reduced affinity, suggesting that their interactions are not essential for DNA binding (Extended Data Figs 3a and 7c).
Light triggers helix bundle movement
Finally, to examine how light exposure causes tetramer disassembly, we determined the crystal structure of light-exposed CarH to 2.65 Å resolution ( Fig. 5 , Extended Data Fig. 8a, b and Extended Data Table 1 ). The structure contains monomeric CarH with bound Cbl but without the 59-dAdo group, which dissociated as a consequence of light exposure (Fig. 5a ). The four-helix bundle and the Cbl-binding domain individually do not exhibit major conformational changes compared with the dark AdoCbl-bound structure. However, the orientation of the helical bundle relative to the Cbl-binding domain has changed drastically with a .8 Å displacement ( Fig. 5a, b ). This helix bundle movement would disrupt the head-to-tail dimer interface ( Fig. 5c ), leading to tetramer disassembly, dissociation from DNA, and transcriptional activation.
Tetramer disassembly is triggered by loss of the AdoCbl 59-dAdo group: its presence in the AdoCbl-bound structure blocks movement of the helix bundle, owing in large part to the positioning of W131 against the upper Cbl ligand ( Fig. 2d ), keeping the CarH protomers in the extended 'upright' conformation required for tetramerization. Loss of the 59-dAdo group leaves a large cavity on the Cbl upper face ( Fig. 5d ), prompting movement of the helix bundle to occupy this void and cover the Cbl (Fig. 5e ).
Strikingly, the helix bundle motion brings His132 from the protein surface to the Cbl upper face, where it binds to the cobalt to form bis-His ligated Cbl (Fig. 5d , e and Extended Data Fig. 8b ). Such bis-His ligation, common for haems, has not been reported for Cbl, although bis-His Cbl ligation was recently proposed on the basis of mass spectrometry for the Cbl-dependent transcription factor AerR 19 . We therefore validated formation of bis-His-ligated Cbl using UV-vis spectroscopy. Spectra of light-exposed WT CarH and a H132A mutant, which is unable to form the bis-His ligation, resemble those of free Cbl with two or one nitrogen-based ligands 20 , respectively (Extended Data Fig. 8c, d) . In contrast, the spectra of the AdoCbl-bound proteins are identical (Extended Data Fig. 8e ). These results provide unambiguous evidence for a bis-His-ligated Cbl in light-exposed CarH and suggest that this mode of coordination might be used more frequently in non-haem proteins.
Notably, both WT and H132A CarH undergo light-dependent tetramer disassembly, indicating that bis-His ligation is not required for disassembly (Extended Data Fig. 8f , g). However, Cbl dissociation after light exposure is faster for H132A CarH than for WT CarH, which forms a very tight and stable complex with the photolysed Cbl, as indicated by the relative abilities of the protein to be reconstituted with fresh AdoCbl (Extended Data Fig. 9a, b ) and by the observation of a CarH:Cbl adduct in mass spectrometry for WT CarH but not for the H132A mutant (Extended Data Fig. 9c, d) .
Thus, the bis-His ligation could be important to retain the Cbl cofactor after photolysis.
Discussion
Impressively, CarH-type photoreceptors are found in hundreds of bacterial genomes, including bacteria that uptake rather than biosynthesize AdoCbl 8 . CarH is distinguished from most known classes of photoreceptors (with the exception of some light-oxygen-voltage (LOV)-type photoreceptors [21] [22] [23] ) in that it can bind to DNA directly, instead of requiring additional proteins for gene regulation. Beyond gene regulation, the CarH light-sensing domains can be found fused to effector domains such as histidine kinases and in stand-alone modules that could undergo light-dependent protein-protein interactions 8 . This versatility probably explains the broad distribution of CarH-like proteins in bacteria. The use of AdoCbl as a light-sensing chromophore by CarH is biologically unprecedented. AdoCbl is structurally and photochemically distinct from known photoreceptor chromophores such as bilin 24 , flavins [25] [26] [27] , retinal 4 , or Trp side chains 28 : light exposure leads to breakage of a covalent Co-C bond, whereas other chromophores undergo less drastic changes such as light-induced electron transfer or cis-trans isomerizations. In all cases, however, light energy is ultimately harnessed to drive a large-scale conformational change, highlighting the convergence of different light sensing mechanisms. AdoCbl was previously best-known as a cofactor for radical-based enzyme reactions, in which reversible homolytic cleavage of the Co-C bond provides access to the 59-dAdo radical for catalysis 13 , and as a modulator of gene expression via riboswitches [29] [30] [31] [32] . Our structures now allow us to visualize how AdoCbl is repurposed as a light sensor in CarH: in the dark, the AdoCbl 59-dAdo group acts as a molecular doorstop that keeps CarH protomers in an extended 'upright' conformation for tetramerization, and light exposure triggers collapse into a kinked conformation. Whereas AdoCbl photolysis is an unwanted side reaction in enzyme catalysis because it leads to cofactor inactivation, in CarH this light sensitivity is harnessed to drive a light-dependent gene expression switch and a change in physiology. Remarkably, use of AdoCbl in this alternative function appears to come with a safeguard: the product of CarH-bound AdoCbl photolysis is not a 59-dAdo radical, but rather 49,59-anhydroadenosine 33 , which differs by one proton and one electron, and cannot cause radical damage. Thus, AdoCbl now joins the list of enzyme cofactors that have been repurposed as sensors; a list that already includes flavins (as light sensors in LOV, blue light sensor using flavin (BLUF), and cryptochrome photoreceptors [25] [26] [27] ) and haems (as sensors of oxygen and other small molecules 34 ).
Our CarH structures additionally reveal the functional repurposing of two different protein modules. The CarH light-sensing domain mirrors the Cbl-binding module of methionine synthase MetH, an enzyme that uses a MeCbl intermediate in the transfer of a methyl group from methyltetrahydrofolate to homocysteine, generating tetrahydrofolate and methionine 35 . But whereas MetH uses its helix bundle to position Phe708 over the MeCbl methyl group and protect it from photolysis 36 , CarH, enabled by specific substitutions at the Cbl upper face, uses this fold as an AdoCbl-binding light-sensing domain, in which the corresponding Trp131 senses the presence of the 59-dAdo group and transmits the signal of AdoCbl photolysis by leading a conformational change of the helix bundle. Furthermore, whereas the Cbl-binding module of MetH is embedded in a 136 kDa multi-domain protein and juxtaposed to different substrate-binding domains via transient domain-domain interactions during a catalytic cycle 37 , the light-sensing domain of CarH is used to assemble a tetramer that is stable enough to occlude the 235 element from RNA polymerase. Thus, this module has been repurposed from a methyl group carrier in primary metabolism to a light-sensing modulator of oligomerization state.
Similarly, the CarH DNA-binding domain resembles those of MerR-type transcription factors such as MerR, BmrR, and SoxR, whose role as transcriptional activators in the presence of heavy metals or other stresses has been established and whose DNA-bound structures have been reported 15, 38, 39 . Whereas MerR proteins bind as dimers to a (pseudo-)palindromic DNA sequence and distort the DNA, which brings promoter elements into alignment for transcriptional activation (Extended Data Fig. 6i ), the CarH tetramer uses its DNA-binding domains to bind to three contiguous repeat sequences in a parallel mode, which occludes the 235 element and represses transcription. This unique DNA binding mode rationalizes the tetramer architecture of two-head-to-tail dimers of CarH, which is unusual for transcription factors but here enables the DNA-binding domains to arrange in a parallel fashion and cooperatively engage the repeat sequences.
AdoCbl is a biologically expensive molecule, requiring arduous pathways for biosynthesis or specialized machinery for uptake. For CarH-using organisms, it would not be surprising if there were a recovery mechanism for Cbl following tetramer disassembly, and it is tempting to suggest that formation of bis-His ligated Cbl in some CarHs might be the first step of such a recovery pathway. In this regard, it is interesting to note that His132 is strictly conserved in thermophilic bacteria (Extended Data Fig. 3b ), where perhaps the bis-His ligated Cbl is an adaption to elevated temperatures. Although use of AdoCbl as a light sensor comes at a price, it appears that the physiological benefits make this repurposing worthwhile.
Altogether, our results provide fundamental insight into a new mode of light-dependent gene regulation and reveal an exquisite example of cofactor and protein domain repurposing. The structures furthermore provide a basis for deployment of the modular CarH photoreceptors, in which the light-sensing and DNA-binding activities rest on different domains, for engineering light-modulated transcriptional control or protein-protein interactions.
Note added in proof: A paper describing a detailed photochemical mechanism for CarH based on time-resolved spectroscopic data has just been published 40 .
Online Content Methods, along with any additional Extended Data display items and Source Data, are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
No statistical methods were used to predetermine sample size. The experiments were not randomized. The investigators were not blinded to allocation during experiments and outcome assessment. Protein constructs. Cloning of the pET15b-CarH construct encoding for Thermus thermophilus CarH with an N-terminal His 6 -tag was described previously 8 . The H132A mutation was introduced into pET15b-CarH using QuikChange PCR mutagenesis (Stratagene) with Pfu Turbo DNA polymerase. All other mutants were obtained by gene synthesis (Genscript) with appropriate 59 and 39 restriction sites for cloning into the pET15b expression vector. Protein purification. WT CarH and mutants were purified as described previously 8 . A slightly modified protocol was used for His 6 -tagged CarH for crystallization. After expression and affinity chromatography, performed as described previously 8 , a threefold molar excess of AdoCbl (Sigma) was added and the mixture was incubated on ice for 1 h. All subsequent handling was performed in a dark room under red light. The protein solution was applied to a HiLoad 26/60 Superdex 200 size exclusion column (GE Healthcare) pre-equilibrated with CarH buffer (0.1 M NaCl, 0.05 M TrisNHCl, pH 8). Under these conditions, tetrameric AdoCbl-bound CarH eluted as a single peak, separate from residual amounts of monomeric CarH. Fractions containing AdoCbl-bound CarH were combined and concentrated to about 8 mg ml 21 , as judged by the absorbance at 280 nm using the combined e 280 nm for AdoCbl (22.5 mM -1 cm -1 , determined spectroscopically on the basis of published extinction coefficients at 260 nm, 288 nm, and 522 nm (refs 41-43)) and for CarH (37.9 mM -1 cm -1 , calculated from the protein sequence using ProtParam at http://web.expasy.org/protparam).
Purified native and mutant protein identities were verified before use by highperformance liquid chromatography (HPLC) coupled to electrospray ionizationtime-of-flight (ESI-TOF) or ion-trap mass spectrometry using an Agilent 1100 Series HPLC equipped with a m-well plate autosampler and a capillary pump and connected to an Agilent Ion Trap XCT Plus Mass Spectrometer with an ESI interface (Agilent Technologies). Samples were injected into a Zorbax Poroshell 300 SB-C18 HPLC column (Agilent Technologies) that was coupled online to the mass spectrometer using an electrospray interface. Samples were separated at 60 uC at a flow rate of 0.2 ml min -1 using a linear gradient of buffer A (water/acetonitrile/ formic acid, 95:4.9:0.1) to 90% buffer B (water/acetonitrile/formic acid, 10:89.9:0.1) over 30 min and protein elution was monitored at 210 nm and 280 nm. Mass spectra were acquired in the positive ion mode in an m/z range from 100 to 2,200.
The integrity of the AdoCbl Co-C bond was assessed by UV-vis spectroscopy (described below). Protein containing intact AdoCbl was flash-frozen in liquid nitrogen until further use. CarH containing photolysed AdoCbl was generated by exposing the protein solution to ambient light for 30 min at 4 uC. Complete photolysis was assessed by UV-vis spectroscopy (described below). Lightexposed CarH was used for crystallization experiments immediately. CarH-DNA complexes for crystallization were generated by mixing protein and DNA at the desired ratio and incubating the mixture for 1 h on ice in the dark before crystallization experiments. Preparation of DNA segments for crystallization. HPLC-purified singlestranded DNA oligonucleotides without heavy atom labels (Integrated DNA Technologies) or containing a single 5-iodo-deoxycytidine (Jena Bioscience) were dissolved to 1 mM in CarH buffer. Equimolar amounts of complementary oligonucleotides were mixed, heated to 95 uC for 10 min, and then slowly left to cool down to 4 uC in a thermocycler over the course of 1 h for annealing. Final double-stranded DNA concentrations were assessed by the absorbance at 260 nm using the calculated sequence-specific e 260 nm (http://biophysics.idtdna.com/UVSpectrum.html). Crystallization. Purified AdoCbl-bound CarH was crystallized in three different crystal forms. All crystallization procedures for AdoCbl-bound CarH were performed in a dark room under red light. Crystals of AdoCbl-bound CarH in crystal form 1 were obtained by the hanging drop vapour diffusion technique at 25 uC. An aliquot (1 ml) of a protein solution (7 mg ml 21 AdoCbl-bound CarH in CarH buffer) was mixed with 1 ml of a precipitant solution (10% (w/v) PEG 8000, 10% (v/v) glycerol, 0.04 M KH 2 PO 4 ) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing 500 ml of the precipitant solution. Octahedral crystals appeared within 3 days and grew to maximum size within 7 days. Under these conditions, the protein underwent proteolysis at the linker region between the DNA-binding domain and the four-helix bundle, as judged by SDS-polyacrylamide gel electrophoresis. The crystals consisted only of the C-terminal lightsensing domains. Crystals were transferred in two steps of increasing glycerol concentration into a cryogenic solution containing 10% (w/v) PEG 8000, 20% (v/v) glycerol, 0.04 M KH 2 PO 4 , 0.05 M TrisNHCl pH 8, and 0.1 M NaCl, soaked in that solution for 20 s, and then flash-frozen in liquid nitrogen.
A second crystal form of AdoCbl-bound CarH was obtained by the sitting drop vapour diffusion technique at 25 uC. An aliquot (0.15 ml) of a protein solution (5.9 mg ml 21 AdoCbl-bound CarH in CarH buffer, supplemented with 70 mM of a 31-bp DNA oligonucleotide) was mixed with 0.15 ml of a precipitant solution (20% (w/v) PEG 3350, 0.2 M KCl) using a Phoenix liquid handling robot (Art Robbins Instruments). The drop was equilibrated against 70 ml of the precipitant solution. Rectangular crystals appeared within 6 months. Again, the protein underwent proteolysis and the crystals only consisted of the C-terminal lightsensing domains. Crystals were transferred in two steps of increasing glycerol concentration into a cryogenic solution containing the precipitant supplemented with 20% (v/v) glycerol, soaked in that solution for 5 s, and then flash-frozen in liquid nitrogen.
A third crystal form of AdoCbl-bound CarH containing full-length protein was obtained by the sitting drop vapour diffusion technique at 25 uC. An aliquot (0.15 ml) of a protein solution (6 mg ml 21 AdoCbl-bound CarH in CarH buffer, supplemented with 70 mM of a 28-bp DNA segment) was mixed with 0.15 ml of a precipitant solution (20% (w/v) PEG 3350, 0.1 M ammonium citrate tribasic pH 7) using a Phoenix liquid handling robot (Art Robbins Instruments). The drop was equilibrated against 70 ml of the precipitant solution. Rod crystals appeared within 1 month. These crystals contained full-length AdoCbl-bound CarH but no DNA. Crystals were transferred in three steps of increasing glycerol concentration into a cryogenic solution containing the precipitant supplemented with 20% (v/v) glycerol, soaked in that solution for 10 s, and then flashfrozen in liquid nitrogen. Light-exposed CarH was crystallized by the hanging drop vapour diffusion technique at 25u C. An aliquot (1 ml) of a protein solution (4.5 mg ml 21 lightexposed CarH in CarH buffer) was mixed with 1 ml of a precipitant solution (3.4 M NaCl, 0.1 M Bis-Tris pH 6) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing 500 ml of the precipitant solution. Octahedral crystals appeared within 8 months. Crystals were transferred in three steps of increasing glycerol concentration into a cryogenic solution containing the precipitant supplemented with 18% (v/v) glycerol, incubated in that solution for 10 s, and then flash-frozen in liquid nitrogen.
CarH bound both to AdoCbl and to a 26-bp DNA segment was crystallized by the hanging drop vapour diffusion technique at 25 uC. An aliquot (1 ml) of a protein solution (6 mg ml 21 AdoCbl-bound CarH in CarH buffer, supplemented with 67.5 mM of a 26-bp DNA segment, 1.5-fold molar excess) was mixed with 1 ml of a precipitant solution (16% PEG 3350, 0.2 M L-proline, 0.1 M HEPES pH 7.5) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing 500 ml of the precipitant solution. Tetragonal bipyramidal crystals appeared within 3 weeks. Crystals were transferred in three steps of increasing PEG 400 concentration into a cryogenic solution containing the precipitant supplemented with 15% (w/v) PEG 400, incubated in that solution for 20 s, and then flash-frozen in liquid nitrogen.
CarH bound to both AdoCbl and a 26-bp DNA segment containing 5-iododeoxycytidine (Extended Data Fig. 6b-d ) in position 225 of the sense strand (Extended Data Fig. 5a ) was crystallized by the hanging drop vapour diffusion technique at 25 uC. An aliquot (1 ml) of a protein solution (5 mg ml 21 AdoCblbound CarH in CarH buffer, supplemented with 94 mM of the iodine-labelled 26bp DNA segment, 2.5-fold molar excess) was mixed with 1 ml of a precipitant solution (11.5% PEG 3350, 0.28 M L-proline, 0.1 M Tris pH 8.5) on a glass cover slip. The cover slip was sealed with grease over a reservoir containing 500 ml of the precipitant solution. Crystals appeared within 4 months. Crystals were transferred in five steps of increasing xylitol concentration into a cryogenic solution containing the precipitant supplemented with 25% (w/v) xylitol, incubated in that solution for 30 s, and then flash-frozen in liquid nitrogen. Data collection and processing. All data were collected at the Advanced Photon Source (Argonne, Illinois, USA) at beamline 24ID-C using a Pilatus 6M pixel detector at a temperature of 100 K. Crystals of AdoCbl-bound CarH crystal form 1 belong to space group P4 3 2 1 2. An initial AdoCbl-bound CarH crystal was used for a fluorescence scan to determine the Co peak wavelength for anomalous data collection. Another crystal was then used for collection of both native data and anomalous peak data. Native data were collected in a single wedge of 75u at a wavelength of 0.9792 Å (12,662 eV). The crystal was displaced continuously along its major macroscopic axis during data collection. Anomalous peak data were collected in a single wedge of 345u at a wavelength of 1.6039 Å (7,730 eV). The crystal was aligned using a mini-k goniometer such that Bijvoet mates were recorded on the same frame.
All other data except for iodine anomalous data and native data of light-exposed CarH (see below) were collected at a wavelength of 0.9795 Å (12,658 eV). Crystals of AdoCbl-bound CarH crystal form 2 belong to space group P2 1 2 1 2 1 . Data were collected in a single wedge of 100u. Crystals of AdoCbl-bound CarH crystal form 3 belong to space group P1. Data were collected in a single wedge of 270u and the crystal was displaced continuously along its major macroscopic axis during data collection. Crystals of light-exposed CarH belong to space group I4 1 22 and data RESEARCH ARTICLE were collected at a wavelength of 0.9791 Å (12,663 eV) in a single wedge of 150u. Crystals of DNA-bound CarH both with and without the iodine label belong to space group P2 1 2 1 2. Data for crystals with unlabelled DNA were collected in a single wedge of 180u. Data for crystals of CarH in complex with iodine-labelled DNA were collected at a wavelength of 1.7365 Å (7,140 eV) in a single wedge of 200u and the crystal was displaced continuously along its major macroscopic axis during data collection.
Data for the AdoCbl-bound CarH (crystal form 1) Co peak data set were integrated in HKL2000 and scaled in Scalepack 44 . Data for all other data sets were integrated in XDS and scaled in XSCALE 45 . Data collection statistics are summarized in Extended Data Table 1 . Structure building and refinement. The structure of AdoCbl-bound CarH in crystal form 1 (space group P4 3 2 1 2) was determined to 2.80 Å resolution using single-wavelength anomalous diffraction. Positions of two cobalt sites, corresponding to two CarH protomers in the asymmetric unit, were located using ShelxD 46 in the HKL2MAP shell 47 and refined using SHARP/autoSHARP 48 . The initial overall figure of merit (acentric) was calculated by SHARP to be 0.43 to 5.1 Å resolution. Experimental maps from the SHARP output, solvent flattened using SOLOMON 49 and extended to 3.3 Å resolution, were of sufficient quality to place two copies of the Cbl-binding domain of MetH 17 (PDB accession number 1BMT, residues 745-868), eight additional helices, and AdoCbl in the electron density. This initial model was used to better define solvent boundaries in another round of solvent flattening of SOLOMON. Using the resulting electron density, loop regions were modified and side chains with visible electron density were added. A near-complete model of AdoCbl-bound CarH (containing 374 amino-acid residues and bound AdoCbl) was then used for rigid body refinement in Phenix 50 against the native AdoCbl-bound CarH data set (crystal form 1) using data from 100 to 2.80 Å resolution. The resulting R-factors were 42.0% and 44.1% for the working and the free R-factor, respectively. The model was refined by manual adjustment in Coot 51 until rigid body refinement in Phenix yielded R-factors of 30.8% and 34.7% for the working and the free R-factor, respectively. Subsequent cycles of refinement included positional refinement with non-crystallographic symmetry restraints and individual B-factor refinement in Phenix until the R-factors were 20.9% and 24.2% for the working and the free R-factor, respectively. This model was not refined to completion. The near-complete model was used to determine the structures of AdoCbl-bound CarH in crystal form 2 (space group P2 1 2 1 2 1 ) and crystal form 3 (space group P1), which are of higher resolution (crystal form 2) or contain the full-length protein (crystal form 3).
The structure of AdoCbl-bound CarH in crystal form 2 was determined to 2.15 Å resolution by molecular replacement in Phaser 52 . The structure in crystal form 2 contains four CarH protomers in the asymmetric unit, corresponding to a tetramer. After molecular replacement, ten cycles of simulated annealing refinement were performed in Phenix to remove model bias. The model was then refined by iterative cycles of manual adjustment in Coot and refinement in Phenix. Initially, strict non-crystallographic symmetry restraints were applied for the two head-to-tail dimers in the asymmetric unit. Subsequently, these restraints were loosened for residues that are in unique environments either because of the asymmetric tetramer architecture or because of crystal contacts. In advanced stages of refinement, water molecules were added manually in Coot and refined in Phenix, with placement of additional water molecules until their number was stable. Final cycles of refinement included TLS parametrization 53 with one TLS group per CarH protomer.
The structure of AdoCbl-bound CarH in crystal form 3 was determined to 2.80 Å resolution using molecular replacement. First, two CarH tetramers were placed in the asymmetric unit using Phaser, accounting for all eight protomers in the asymmetric unit. Subsequently, four CarH DNA-binding domains from the structure of light-exposed CarH (see below) were placed using Phaser. After refinement in Phenix, there was clear electron density for an additional DNAbinding domain as well as fragments of the three remaining DNA-binding domains, accounting for all eight DNA-binding domains in the asymmetric unit. The model was refined by iterative cycles of manual adjustment in Coot and refinement in Phenix. Strict non-crystallographic symmetry restraints were applied for all CarH protomers in the asymmetric unit and loosened in later stages of refinement as described above. No water molecules were added to this structure. Final cycles of refinement included TLS parametrization 53 . For each CarH protomer, the light-sensing domain was defined as a single TLS group and, if fully present, the DNA-binding domain was defined as an additional TLS group.
The structure of light-exposed CarH was determined to 2.65 Å resolution by molecular replacement in Phaser using consecutive searches for the CarH Cblbinding domain, the four-helix bundle, and the first conformation of the NMR structure of the CarA DNA-binding domain (PDB accession number 2JML 16 ). The structure contains one protomer in the asymmetric unit and all three domains could be placed unambiguously. Ten cycles of simulated annealing refinement were performed in Phenix. The model was then refined by iterative cycles of manual adjustment in Coot and refinement in Phenix. In advanced stages of refinement, water molecules were added manually in Coot and refined in Phenix, with placement of additional water molecules until their number was stable. Final cycles of refinement included TLS parametrization 53 with one TLS group.
The structure of CarH bound to AdoCbl and a 26-bp DNA segment was determined to 3.89 Å resolution by molecular replacement in Phaser using consecutive searches for two CarH tetramers without the DNA-binding domains and for two 26-bp DNA segments (models generated by the 3D-DART server 54 ; http:// haddock.science.uu.nl/services/3DDART/). After molecular replacement, there was clear electron density for six DNA-binding domains in the asymmetric unit, which were positioned manually in the electron density from the structure of lightexposed CarH. The model was refined by iterative cycles of manual adjustment in Coot and refinement in Phenix. B-factors were refined grouped by residue and positions of individual atoms were restrained using non-crystallographic symmetry restraints. Planarity and hydrogen bonding restraints were applied to DNA base pairs. Final cycles of refinement included TLS parametrization using one TLS group for each CarH protomer and each DNA segment. Anomalous difference maps, calculated from data collected on crystals that contained a DNA segment with an iodine label at position 225 (Extended Data Fig. 5a ) were used to unambiguously determine the orientation of the DNA segment in the crystal structure and thus validate the sequence assignments. Maps, calculated using FFT 55 in the CCP4 software suite 56 , revealed a strong anomalous difference density peak at one position for each of the two CarH-DNA complexes in the asymmetric unit, allowing for position 225 of the sense strand to be assigned in the structure (Extended Data Fig. 6b-d) . Note that the iodine-labelled DNA segment differed slightly from the DNA segment used in the structure determination (Extended Data Fig. 5a ), but both crystallize in the same space group and with the same crystal packing.
Parameter files for cobalamin were provided by O. Smart at Global Phasing. Refinement restrains for the 59-dAdo group were generated using the Grade Web Server (Global Phasing).
Crystallographic refinement of all CarH structures yielded models possessing low free R-factors, excellent stereochemistry, and small root mean square deviations from ideal values for bond lengths and angles. In all models, side chains without visible electron density were truncated to the last atom with electron density, and amino acids without visible electron density were not included in the model. All refinement statistics are summarized in Extended Data Table 1 . The models were validated using simulated annealing composite omit maps (AdoCblbound CarH, light-exposed CarH) or regular refinement composite omit maps (DNA-bound CarH) calculated in CNS 57 and Phenix. Model geometry was analysed using MolProbity 58 and ProCheck 59 . Analysis of the Ramachandran statistics using MolProbity indicated that for AdoCbl-bound CarH (crystal form 2), 98.1%, 1.9%, and 0.0% of residues are in the favoured, allowed, and disallowed regions, respectively; for AdoCbl-bound CarH (crystal form 3), 97.7%, 2.3%, and 0.0% of residues are in the favoured, allowed, and disallowed regions, respectively; for light-exposed CarH, 97.8%, 2.2%, and 0.0% of residues are in the favoured, allowed, and disallowed regions, respectively; and for AdoCbl-and DNA-bound CarH, 97.1%, 2.7%, and 0.2% of residues are in the favoured, allowed, and disallowed regions, respectively. The larger number of residues in the disallowed region of the Ramachandran plot of DNA-bound CarH is due to the modest resolution of the structure. Figures were generated using PyMOL 60 . Interfaces between subunits were analysed using the 'Protein interfaces, surfaces and assemblies' service PISA at the European Bioinformatics Institute (http://www.ebi. ac.uk/msd-srv/prot_int/pistart.html) 61 . Crystallography software packages were compiled by SBGrid 62 . DNA-binding assays. All DNA binding assays were repeated three to five times for each experimental condition. EMSAs were performed in the dark as described previously 8 . A 177-bp DNA probe PCR-amplified using primers with one 59-end 32 P-labelled with T4 polynucleotide kinase (T4PK; Takara) before the PCR or shorter HPLC-purified synthetic probes (Biolegio) were used in the EMSAs. With the latter, one strand was 32 P-labelled at the 59-end with T4PK and then mixed with a twofold excess of the unlabelled complementary strand to ensure that all of the labelled strand was present as double-stranded probe. The strand mixture was incubated at 100 uC for 2 min and then slowly left to cool down for hybridization. For EMSAs, a 20 ml reaction volume containing the DNA probe (1.2 nM, approximately 13,000 counts per minute) and protein with a fivefold excess of AdoCbl in 0.1 M KCl, 0.025 M TrisNHCl, pH 8, 1 mM DTT, 10% (v/v) glycerol, 200 ng ml 21 BSA, and 1 mg of sheared salmon sperm DNA as non-specific competitor was incubated for 30 min at 65 uC (177-bp probe) or 30 uC (shorter probes). They were then loaded onto 6% native polyacrylamide gels (37.5:1 acrylamide:bisacrylamide) pre-run for ARTICLE RESEARCH and subjected to electrophoresis for 1.5 h at 200 V, 10 uC. Gels were vacuum-dried and analysed by autoradiography. Autoradiograms were scanned using an Image Scanner II imager with LabScan 5.0 software (GE Healthcare). Band intensities were quantified using ImageJ (NIH) with those of free DNA used to estimate the fraction bound, which was fitted to the three-parameter Hill equation using SigmaPlot (Systat Software) to estimate K d, the apparent equilibrium dissociation constant equivalent to the protein concentration for half-maximal binding, and n, the Hill coefficient. The latter, for example expected to be 2 for dimer or 4 for tetramer DNA-binding models, can vary owing to cooperativity effects, contributions from monomer-tetramer equilibria, and/or deviations from true equilibrium. DNase I and hydroxyl radical footprinting. DNase I and hydroxyl radical footprinting analyses were performed under solution conditions similar to EMSA using previously described protocols 8, 63 . A 130-bp CarH operator-promoter DNA probe (Extended Data Fig. 5a ) was 32 P-radiolabelled at the 59 end of its sense or anti-sense strand by PCR using appropriately labelled primers, as described above. For DNase I footprinting, 20 ml of 32 P-radiolabelled DNA probe (,20,000 counts per minute) with 800 nM CarH and fivefold excess of AdoCbl in EMSA buffer lacking glycerol and with 0.01 M MgCl 2 were incubated for 30 min at 37 uC, then treated with 0.07 units of DNase I for 2 min and finally quenched with 0.025 M EDTA. For hydroxyl radical footprinting, samples (as for DNase I footprints but without MgCl 2 ) were treated with 2 ml each of freshly prepared Fe(II)-EDTA solution (1 mM ammonium iron (II) sulfate, 2 mM EDTA), 0.01 M sodium ascorbate, and 0.6% hydrogen peroxide for 4 min at 25 uC. The reaction was stopped with 2 ml each of 0.1 M thiourea and 0.5 M EDTA (pH 8). Footprinting reactions were done under dim light and, after quenching, under normal light. DNA from each sample was ethanol precipitated, washed twice with 70% ethanol, dried, and resuspended in formamide loading buffer. The 5 ml samples were heated at 95 uC for 3 min and loaded onto a 6% polyacrylamide-8 M urea sequencing gel together with G 1 A chemical sequencing ladders. Gels were vacuum-dried and analysed by autoradiography, and the bands quantitated using GelAnalyzer 2010a (http://www.gelanalyzer.com). Each experiment was repeated at least three times. Analytical SEC. Analytical SEC for all CarH mutants except for H132A CarH was performed using an Ä KTAbasic unit and a Superdex 200 analytical SEC column (GE Healthcare) 8 . The calibration curve was log(M r 5 7.885 2 0.221V e ), where M r is the apparent molecular mass and V e is the elution volume. Pure protein (100 ml, 502100 mM) was incubated with a fivefold molar excess of AdoCbl for at least 15 min and analysed by SEC in the dark or after light irradiation for 5 min with white light from fluorescent lamps at 10 W m 22 . Elution at 0.4 ml min 21 flow rate was tracked by absorbance at 280 nm and 522 nm, and M r was estimated from V e . Each SEC experiment was performed at least three times.
Analytical SEC for H132A CarH was performed using an Ä KTA FPLC unit and a Superose 6 10/300 GL column (GE Healthcare) equilibrated with CarH buffer. The calibration curve was log(M r 5 9.74 2 0.30V e ). WT or H132A CarH (300 ml, 20-50 mM) with stoichiometric AdoCbl with or without exposure to white light for 1 h were injected onto the column and elution was tracked by absorbance at 280 nm. For AdoCbl exchange studies, WT or H132A CarH samples were exposed to light as described and then incubated with a tenfold excess of free AdoCbl for the given periods and temperatures and analysed by SEC. Solution UV-vis spectroscopy. Solution UV-vis spectra were recorded at 25 uC on a SpectraMax Plus 384 (Molecular Devices) using SoftMax Pro 5 software (Molecular Devices) and a 1 cm path length quartz cuvette (Starna). WT or H132A CarH in CarH buffer were transferred to the cuvette under red light or after exposure to white light for 20 min and UV-vis spectra were recorded from 250 to 800 nm. The spectrum of pure CarH buffer was used for background subtraction. No photolysis occurred on the timescale of spectrum acquisition, as repeated acquisition did not lead to spectral changes.
Spectra of Cbl with increasing imidazole concentrations, similar to spectra reported previously 20 , were obtained with the same experimental parameters.
Cbl solutions contained 50 mM OHCblNHCl (Sigma) in 50 mM Tris with 0 mM, 0.4 mM, or 400 mM imidazole, adjusted to a final pH of 8 to match the protein solutions. All solutions were incubated for 16 h at 25 uC to allow complete ligand exchange to take place. Single crystal UV-vis spectroscopy. Single-crystal UV-vis spectra were recorded at a temperature of 100 K at Stanford Synchrotron Radiation Laboratory beamline 11-1 (Menlo Park, California, USA) using a UV-vis microspectrophotometer. The setup used a Hamamatsu light source (50 mm light spot) with deuterium and halogen lamps, UV solarization-resistant optical fibres, reflective Newport Schwardchild objectives, and an Ocean Optics QE65000 Spectrum Analyzer. Spectra were acquired as 50 averages with an integration time of 0.03 s and a boxcar width of 3. A crystal of AdoCbl-bound CarH was cryoprotected, transferred to a nylon fibre loop, and frozen in liquid nitrogen as described above. A background spectrum was acquired on a region of the fibre loop containing just cryoprotectant. A sample spectrum was then acquired on the crystal. Sequence identity is shown in white font with red background, sequence similarity in red font. Coloured triangles highlight functionally important positions, with filled triangles indicating residues analysed by mutagenesis in this study and empty triangles indicating residues not analysed by mutagenesis. Mutating the highly conserved His177 of the Cbl-binding motif, the lower axial ligand of bound AdoCbl, has previously been shown to impair AdoCbl binding and tetramerization 8 . Colouring is as follows: hydrogen bonds/ionic interactions to DNA, orange; contact to 59-dAdo, green; histidines coordinating Cbl (His132 only coordinates after light exposure), red; hydrogen bonds/ionic interactions at dimer interface, black; hydrogen bonds/ionic interactions as well as Gly160 and Gly192 at the dimer-dimer interface, cyan. Residues involved in more than one type of interaction are coloured half/half. Residues at protein interfaces are less well conserved than other functionally important residues, probably because compensatory mutations and local structural deformations are possible. Note, however, that the T. thermophilus Arg176-Asp201 pair observed in our structure is inverted in Myxococcus xanthus, suggesting that the interaction is conserved. Alignment generated using ESPript 64 . . In all panels, both absorbance A 280 nm (tracking protein) and A 522 nm (tracking Cbl) traces are shown. Molecular masses are calculated from the observed elution volumes as described in Methods, and are consistent with a tetrameric species (137 kDa), a dimeric species (89 kDa), and a monomeric species (39 kDa). Notably, mutant CarH proteins that do not tetramerize in the presence of AdoCbl (D201R, H142A) also do not appear to bind AdoCbl (see 522 nm traces of dark samples). This finding is consistent with previous studies that show cooperativity of AdoCbl binding and tetramerization, a feature that does not hold for other forms of Cbl (methylcobalamin, CNCbl and Cbl) 8 . Both of these mutant proteins can still bind Cbl (see 522 nm traces of light-exposed samples), which further suggests that these mutants are properly folded and that the lack of AdoCbl binding stems from inability to oligomerize. Although the degree of tetramerization of CarH mutant proteins in the dark varied, all of these mutant proteins form Cbl-bound monomers after light exposure. g, DNA-binding capacity of WT and mutant proteins (800 nM) as determined by EMSAs after incubation with AdoCbl (4 mM) in the dark. h, EMSA data for WT CarH and the G160Q and G192Q mutants fit to the Hill equation, as described in Methods. K d (in nM) and Hill coefficients from the fits are, respectively, (67 6 2) and (5. 
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Extended Data Figure 5 | Identification and validation of CarH operator sequence by EMSAs and footprinting. a, Location of CarH operator in the intergenic region between carH and the carotenogenic crtB of the T. thermophilus genome. Structural and biochemical data are mapped onto the sequence. Three 11-bp CarH binding sites are shown in cyan font and the promoter 235 element is highlighted with a red box. Nucleotides protected from hydroxyl radical cleavage are indicated with bullets. The ,42-nucleotide DNase I footprint on the sense strand is shown above the sequence and that of the antisense strand has been omitted for clarity. Nucleotide numbering on the sense strand is relative to the carH transcription start site (underlined, 11) 10 . To identify suitable DNA constructs for crystallization, operator sequences were systematically trimmed around a ,40-bp segment, as indicated by the black bars, and binding was assessed by EMSAs (shown in b). The sequences of two 26-bp DNA segments used for co-crystallization are also shown. The blunt-ended 26-bp segment was used for determination of the CarH-DNA structure. The second 26-bp segment contained one-nucleotide 39-overhangs and 5-iodo-deoxycytidine in position 225 (red) and was used to validate the mode of DNA binding. b, Binding of CarH (800 nM) to DNA segments of different lengths after incubation with AdoCbl (4 mM) in the dark.
Substantial DNA binding was observed for a probe as small as 30-bp. c, DNase I and hydroxyl radical footprints of CarH on a 130-bp operator DNA segment. Disappearance of bands in the presence of CarH indicates protection from cleavage. Protected regions are marked on the side and were mapped onto the operator sequence using G 1 A chemical sequencing experiments performed in parallel. d, e, CarH binding to 40-bp operators carrying mutations. d, Sequences of tested operator variants. WT operator sequence shown at the top and bottom, with repeat sequences that CarH recognizes shown in cyan; 6-bp stretch contacted by CarH recognition helix is boxed. Mutations are as follows: Mut1-7: single (1-3), pairwise (4-6), and triple (7) mutations of AC to GT (positions 8/9); Mut8-14: single (8-10), double (11) (12) (13) , and triple (14) mutations of (A/C)T to GC (positions 4/5); Mut15-18: pairwise (15) (16) (17) and triple (18) mutations of (A/G)A) to TT (positions 1/2). e, EMSAs with WT CarH (800 nM) and each of the 40-bp operator variants after incubation with AdoCbl (4 mM) in the dark. Note that two additional lower mobility complexes are observed, most apparent with the WT operator and its variants with comparable binding. The origin of these complexes is unknown, but they probably arise from oligomeric equilibria and residual amounts of lightexposed protein in the sample.
Extended Data Figure 6 | CarH DNA binding, conformational changes upon binding, and comparison with BmrR. a, 2F o 2 F c omit electron density (3.89 Å resolution) for DNA-bound CarH, calculated after performing full refinement of the model with DNA omitted and contoured at 1.0s. DNA is shown with carbons in yellow and recognition helix of a CarH DNA-binding domain with carbons in cyan. b, c, Validation of DNA-binding mode using heavy-atom-derivatized DNA segments. CarH was crystallized with a DNA segment containing 5-iodo-deoxycytidine in position 225 of the sense strand. Shown is the resulting anomalous difference density (purple mesh), contoured at 6s, for both CarH-DNA complexes in the asymmetric unit, with peaks directly adjacent to the C5 atom of deoxycytidine in position 225. d, Chemical structure of 5-iodo-deoxycytidine. e, Comparison of CarH before and after DNA binding, revealing rearrangement of DNA-binding domains. CarH before DNA binding is shown with helix bundles and Cbl-binding domains in grey and DNA-binding domains in pink. CarH bound to DNA is shown with helix bundles and Cbl-binding domains in green and DNA-binding domains in cyan. The fourth DNA-binding domain of DNA-bound CarH is disordered and not modelled. DNA is shown in yellow. AdoCbl is shown with Cbl carbons in pink and 59-dAdo group carbons in cyan. f, Contacts between residues in neighbouring DNA-binding domains, coloured by domain. Each interface between two DNA-binding domains buries 280 Å 2 of surface from solvent on each DNA-binding domain. Interactions of Arg72 to Tyr7 and Glu11 are indicated by black dashed lines. Colouring as in e. g, h, Models of individual CarH head-to-tail dimers bound to DNA. g, Head-to-tail dimer contributing the middle of the three DNA-binding domains, coloured by domain with DNA-binding domain in cyan, helix bundles in yellow, and Cbl-binding domains in green. The DNA-binding domain of the second protomer (right) is disordered and not modelled. DNA and AdoCbl are shown as in e. h, Head-to-tail dimer contributing the flanking DNA-binding domains. Helix bundles and Cbl-binding domains are shown in grey, remaining colouring as in e. i, BmrR bound to DNA (PDB accession number 1EXJ 38 ). A BmrR dimer is shown in ribbon representation in orange and red. DNA is shown in yellow. BmrR binds as a dimer to a palindromic sequence and distorts the DNA double strand from its ideal conformation. Molecular masses are calculated from the observed elution volumes as described in Methods, and are consistent with a tetrameric species (137 kDa) and a monomeric species (39 kDa). c, DNA-binding capacity of mutants (800 nM) as determined by EMSAs after incubation with AdoCbl (4 mM) in the dark.
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Extended Data Figure 9 | Disruption of bis-His ligation by H132A mutation facilitates Cbl dissociation after photolysis. a, b, WT and H132A CarH were exposed to light, rendering them monomeric, and then incubated with free AdoCbl at the indicated temperatures and periods. For AdoCbl to bind to CarH and induce tetramerization, the photolysed Cbl has to dissociate from the protein first. Thus, the extent of tetramer formation, as assessed by SEC (Superose 6 10/300 GL column), is indicative of the affinity of the protein for photolysed Cbl. That is, lack of tetramer formation in the presence of fresh AdoCbl indicates that the photolysed Cbl is still bound to the protein. The observed differential in tetramer formation between H132A and WT CarH is substantial: WT CarH retains its photolysed Cbl, showing only a small amount of tetramer formation, whereas H132A CarH loses its photolysed Cbl, reforming tetramers upon AdoCbl addition. c, ESI-TOF mass spectra of WT and H132A CarH after light exposure also reveal differential affinity for photolysed Cbl. Light-exposed WT CarH is 1,329 Da larger in molecular mass than light-exposed H132A CarH, a number corresponding to the molecular mass of Cbl. This difference in molecular mass suggests that, even under the harsh conditions of this experiment, photolysed Cbl remains bound to the WT CarH monomer but not to H132A CarH, indicating that Cbl dissociates more readily without the bis-His ligation. The minor peak next to WT CarH arises from protein bound to a potassium ion (mass shift 39 Da). Species marked with an asterisk correspond to an unidentified impurity in the H132A CarH sample. d, Control experiment showing ESI-TOF mass spectra of WT and H132A CarH in the AdoCbl-bound dark state. The very similar molecular masses obtained (differing only because of the H132A mutation) indicate that the mutation has no effect on AdoCbl binding, consistent with the fact that His132 is not coordinated to Cbl when the upper 59-dAdo ligand is present. Both WT and H132A CarH lose their AdoCbl cofactor as the tetramer disassembles into monomeric units.
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